Introduction
The determination of the non-destructive three dimensional distribution of elements with X-ray fluorescence (XRF) in a 35 sample can provide valuable insights in function and composition of the analyzed materials [1] [2] [3] [4] [5] [6] . Methods to get this information used up to now are based on confocal setups or computer tomography 3, 6 . These techniques have significant drawbacks regarding the number of individual measurements, sample geometry and the 40 necessity of reconstruction. We report a new 3D technique which overcomes these disadvantages. The technique is based on an energy dispersive high-frame-rate, low-noise X-ray pn-CCD 7, 8 chip with capillary X-ray optics, the so-called "Color X-ray Camera" (CXC) 9-12 , using a sheet beam. The chip was developed 45 originally for space missions and afterwards it has been adapted for free electron laser (FEL) applications [13] [14] [15] . The CXC has 70,000 pixels and each is an energy dispersive detector. Therefore, the 2D elemental distribution is measured simultaneously and not consecutive by scanning. The presented 50 technique is the X-ray equivalent to scanned light sheet microscopy presented by Keller et al. 2008 16 . Instead of the term "X-ray sheet microscopy" we suggest the more concise term "slicing" in analogy to multi slice computer tomography 17 . 55 The basic idea for this new method is quite simple. As shown in figure 1, we use a beam for excitation with restricted vertical or horizontal beam size parallel to the detector surface. In this dimension, the achievable resolution is defined by the beam size. An advantage of the method is that all geometric parameters are 60 well defined from the set-up. While the layer height is given from the height of the incoming parallel X-Ray sheet beam, the depth inside the sample is given simply from the sample movement. Normally the step size is equal to the height of the beam, therefore the depth of a particular layer can be calculated by the 65 layer number times step size.
Experimental Methods
At the BAMline 18 we tested two different geometries. First, we positioned the camera sidewards, to preserve the traditional 90° geometry for XRF where the scattered signal is minimized. In this way, due to the layout of the BAMline and the properties of 70 the synchrotron radiation, it is not possible to achieve the desired beam size with optimal flux on the sample and therefore the measurements suffered from low count rates. To overcome this problem, we positioned the camera horizontal looking down on the sample. In this geometry we can bend the second multilayer 75 of the double multilayer monochromator (DMM) to focus and generate an excitation beam of 50 µm height. The DMM can be used as mirror or in Bragg geometry to provide an intense "white" or a monochromatic beam. Of course, in this geometry we measure a much higher scattering signal, but what seems a 80 disadvantage at first, turned out to be very useful, since the signal of the scattered radiation reproduces the sample geometry with high precision. Additional the ratio of elastic to inelastic scattering is an indicator for the average atomic number of the 5 "dark matrix", especially useful for biological samples which consist mainly of light elements. The other two dimensions are dependent on the optic which is used to generate the image in the camera. In the presented example, we use straight polycapillary optics offering a lateral 10 resolution of (48 x 48) µm². First tests with magnifying optics and a resolution of (8 × 8) µm² worked excellent. However, the better resolution is paid for with lower detection efficiency and therefore prolonged measuring times. Furthermore a beam height of 8 µm with sufficient flux can currently not be reached at the 15 BAMline. This drawbacks will be eliminated in the future by the use of an X-ray optic to increase the primary flux density and a coded aperture to enhance the detection efficiency by an order of magnitude or more 19, 20 . 20 As mentioned before, there is no need for reconstruction. Anyhow, the raw data must be processed to extract the desired information. Data processing is done in the following steps:
Data Treatment
Count rates are normalized for each layer 25 The sum spectrum and so-called "max spectrum" are calculated to identify existing elements Regions of interest (ROI) are defined for each element and for the scattering signal Counts are extracted for each ROI in each spectra 30 For each element the three-dimensional data cube is created Visualization of the results
The normalization is necessary to compensate variations in the intensity of the exciting beam over time. It is done by selecting a 35 part of the layer k where there is no signal of the object under investigation. The normalization factor N k is the sum of the scattering signal from the air in this area. 1 1 1
where k denotes the layer, l and j are the indices of the pn-CCD pixel for spectrum y. The scattered signal in the spectra is summed from channel i 0 to i 1 within the area defined by the start point (l 0 ,j 0 ) and the end point (l 1 ,j 1 ). The sum spectrum is 45 obtained by simply adding all spectra. The disadvantage thereby is, that peaks for elements which are present only in a few pixels, are likely to cease in the background. The "max spectrum" y max is therefore constructed in a way, that for each channel i only the maximum value out of all spectra is taken into account. 50 ( ) max( ( , , , )) max y i y j k l i  This simplifies the identification of elements which are present only in a few pixels. From the sum and the maxima spectrum the ROIs for the 55 elements of interest are defined. This is done by determining first automatically the position of the maximum of all fluorescence and scattering peaks in the sum spectra. These are the centers of the ROIs. The widths of the ROIs are influenced by the energy resolution of the detector and are set to 8 channels (approximately 60 160 eV). The max spectrum serves for control purposes to make sure no minor peaks have been overlooked. The assignment from ROIs to elements is done manually. To avoid artifacts, it is important to check for peak overlaps and select suitable ROIs for imaging. Since the pixel spectra are practically background free 65 no treatment regarding background subtraction is necessary. We can now for each element construct a three-dimensional data cube which contains the distribution to be visualized in standard software like imageJ or IDL (Interactive Data Language). In strong absorbing materials an additional correction may be 70 necessary, which due to the simple geometry can be done in a straightforward manner. The measured volume is divided and can be corrected for absorption voxel by voxel. For an arbitrary voxel V jkl (with the fixed coordinate l = n) the exciting beam must pass through the sample and the absorption exc A is given as the 75 product of the absorption a in the traversed voxels: As absorption is energy dependent, the factor fs A must be calculated for each fluorescence line separately. A problem arises, if the absorption a jkl in each voxel is not known prior to the analysis. This is particularly the case in fine structured biological samples like insects. For a good approximation it is possible to calculate the effective atomic number and the density for each voxel from the Rayleigh to Compton scattering ratio [21] [22] [23] .
Assuming that the absorption in air can be neglected and calculating in the right direction, this means from the top to the 5 button and the entrance to the exit side, these calculations can be made in a non-iterative scheme, where all necessary data are known in each step. Of course, this gives only reasonable results, if the original signal is still present in the measurement and not completely absorbed. This problem arises especially, if a light 10 element is below a heavier element and the fluorescence signal is absorbed with high efficiency. To this respect, slicing has the same restrictions as X-ray fluorescence tomography or confocal measurements. Anyhow, at the moment the technique is intended to give qualitative results only and therefore correction is not 15 mandatory and absorption can be identified by visual inspection inside the images.
Applications
To illustrate the power of this new method the results of measurements taken at the BAMline are presented here. The first 20 examined object was the preparation of a hornet. The distribution and the content of trace elements in insects are of increasing interest because of three aspects. First of all, it gives the biologists insights in the organization and function of the organism 24 . Second, the uptake of metals from food and water 25 sources by insects is thought to be additive. Insects have therefore a largely potential as biomonitors of metal contamination in nature 25 . At last, insects are expected to gain raising importance in the feed and food market as replacers for animal-derived proteins as novel protein sources 26 . 30 The hornet was chosen, because her physical dimensions fit perfect to the spatial resolution of the experimental set-up. The measured distribution of various elements as well as the scattered signal is shown in figure 2 . Here the benefit of the scattered signal to visualize the sample is clearly visible. The look inside 35 the sample demonstrates that it is possible to distinguish different regions of the sample through the intensity of the scattered signal. This is in analogy to regions with different density which can be determined by computer tomography, but with our technique we get additionally the information of the positions of the elements. 40 In figure 3 the sum and the max spectrum is shown. The good energy resolution of the pn-CCD allows the identification of various elements. In this case the distribution of iron, copper, calcium, potassium, titanium and zinc was detectable and as mentioned before, the scattered radiation allowed a detailed 45 reconstruction of the morphology. The use of a magnifying capillary optic is illustrated in fig. 4 . In this case iron and calcium was detected in the enamel of a common shrew, Sorex araneus (Soricidae, Lipotyphla). It is known, that the enamel of a variety of vertebrate taxa (e.g. 50 teleosts, amphibians, mammals) contains iron on or below the tooth's surface 27 . In all but the outermost layer, red enamel containing iron is harder than the white enamel found in white toothed shrews (Crocidurinae). This is related to enhanced wearresistance of areas exposed to increased stress. In mammals, red 55 enamel containing iron is found in rodents and red toothed shrews (Soricinae), where it occurs on dental cusps and shearing Fig.3 : The sum (black) and the max (red) spectrum of the hornet measurement. The elements are distributed fairly equal and therefore the elements which can be identified are nearly identical in both spectra. An exception is Ar, which is present in air and therefore only visible in the sum spectrum. Ni appears much more prominent in the max spectrum, 75 which means, that it is concentrated in a hot spot.
surfaces. These findings have been confirmed with this new non-80 invasive approach in mapping of iron and calcium. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Discussion and conclusions 10 The presented examples illustrate the power of the new method slicing. The main characteristic is that the elemental distribution for each layer is achieved with one measurement. The depth resolution depends on the geometry of the excitation beam while the lateral resolution depends on the used optics. The sample size 15 is not restricted, as different measurements can be combined. Anyhow, the volume which can be probed is restricted by the absorption of the exciting beam and the fluorescence signal in the sample. In comparison with computer tomography there are various advantages. First, there is no need for reconstruction and 20 therefore there are no artifacts. Second, while CT is only sensitive to density variations, we detect chemical elements. This can be achieved by X-ray fluorescence tomography as well, but there again a reconstruction is necessary. At last, slicing has much less restrictions for sample geometry. As e.g. it is not necessary that 25 the exciting beam traverses the whole sample since the absorption in a posticous part of the sample doesn't influence the measurements of the front part. Even though slicing and measurements in confocal geometry are very similar, the latter is unfavorable in two aspects. On one 30 hand, each voxel has to be measured separately which means that 70000 single measurements are necessary to obtain the information of one slice. Collecting a full 3D data set like in our example of the hornet cannot be done in a reasonable time , In practice this technique is restricted to the measurement of depth 35 profiles. Examples, where really 3-D measurements have been performed with a confocal setup are unusual and reserved for exceptional samples, like rare diamonds 28 or the investigation of important medical issues 29 . The second disadvantage of confocal measurements is, that absorption corrections are in general more 40 difficult due to the non-orthogonal geometry 30 . Using the slicing technique opens a wide field of applications, since the 3D elemental distribution of a material contains clues to processes inside of samples from a variety of origins. The technique is of special interest and well suited for biological 45 specimens, because there light matrix minimizes restricting absorption effects. Another field of application is e.g. archaeometry due to the non-destructive nature of the method. The next step will be, to produce quantitative data, but due to the number of spectra, a completely new evaluation method must be 50 developed. In the future, using a similar setup, modern, high brilliant X-ray sources will allow to improve the depth resolution down to the nanometer scale 31 . The spatial resolution will be enhanced by new optics and detectors with higher performance. Aiming for a better resolution implies that we have to use smaller 55 samples, which has the positive side effect that the problem of absorption effects in the sample diminishes. Prospective it will be possible, to examine single cells with these technique.
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